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to the bosonic hard-sphere calculation B = 8.5
(20) and to the value B~ 7.2 for point-like bosons
with large scattering length (/9).

Our measurements also allow direct compar-
ison with advanced many-body theories devel-
oped for homogeneous gases in the strongly
correlated regime. As displayed in Fig. 3A, our
data are in agreement with a Nozié¢res-Schmitt-
Rink approximation (27) but show significant
differences from a quantum Monte-Carlo calcu-
lation (22) and a diagrammatic approach (23).
The measured EoS strongly disfavors the predic-
tion of BCS mean-field theory.

Comparison with Fixed-Node Monte-Carlo
theories requires the calculation of the EoS
&(1/kra) in the canonical ensemble
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that is deduced from 455 (8) and h2E€ (3) (6). As
shown in Fig. 3B, the agreement with theories
(24-26) is very good.

We now discuss the EoS of the partially
polarized normal phase (black points in Fig. 1).
At low concentrations, we expect the minority
atoms to behave as noninteracting quasiparticles,
the fermionic polarons (27). The polarons are dressed
by the majority Fermi sea through a renormalized
chemical potential o, — A(S)u; (28) and an
effective mass m*(8,) (26, 29, 30). Following a
Fermi liquid picture, we propose to express the
gas pressure as the sum of the Fermi pressure of
the bare majority atoms and of the polarons (4).
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Our measured EoS agrees with this model at
unitarity and on the BEC side of the resonance
(Fig. 1), where for m*(8;) we use the calculations
from (30, 31). On the BCS side of the resonance,
however, we observe at large minority concen-
trations an intriguing deviation to Eq. 8. In the
BCS regime, the superfluid is less robust to spin
imbalance. Consequently, the ratio of the two
densities 71/n, in the normal phase becomes
close to unity near the superfluid/normal bound-
ary 1. The polaron ideal gas picture then fails.

Alternatively, we can let the effective mass
m* be a free parameter in the model in Eq. 8 in
the fit of our data around n = 4. We obtain the
value of the polaron effective mass in the BEC-
BCS crossover (Fig. 4).

An important consistency check of our study
is provided by the comparison between our
direct measurements of n(8,) (from Fig. 1, black
dots in the inset of Fig. 4) and a calculated n.(8,)
from Eq. 8 and the EoS of the superfluid /g.
Assuming negligible surface tension, the normal/
superfluid boundary is given by equating the
pressure and chemical potential in the two
phases. This procedure leads to the solid red line
in the inset of Fig. 4, in excellent agreement with

the direct measurements. In addition, by integrat-
ing our measured EoS of the homogeneous gas
over the trap, one retrieves the critical polariza-
tion for superfluidity of a trapped gas, in agree-
ment with most previous measurements (6).

We have measured the equation of state of a
two-component Fermi gas at zero temperature in
the BEC-BCS crossover. Extensions of our work
include exploring the thermodynamics of the far
BEC region of the phase diagram where a new
phase associated with a polarized superfluid
appears (17, 26), mapping the EoS as a function
of temperature, and investigating the influence of
finite interaction range, which is playing a key
role in higher-density parts of neutron stars.
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Nanoscale Three-Dimensional
Patterning of Molecular Resists
by Scanning Probes

David Pires,* James L. Hedrick,? Anuja De Silva,® Jane Frommer,? Bernd Gotsmann,*
Heiko Wolf,* Michel Despont, Urs Duerig,* Armin W. Knoll**

For patterning organic resists, optical and electron beam lithography are the most established methods;
however, at resolutions below 30 nanometers, inherent problems result from unwanted exposure of the
resist in nearby areas. We present a scanning probe lithography method based on the local desorption of a
glassy organic resist by a heatable probe. We demonstrate patterning at a half pitch down to 15
nanometers without proximity corrections and with throughputs approaching those of Gaussian electron
beam lithography at similar resolution. These patterns can be transferred to other substrates, and
material can be removed in successive steps in order to fabricate complex three-dimensional structures.

been available for nanofabrication (7),

To date, a wide variety of techniques has
including electron beam lithography (EBL)

and scanning probe lithography (SPL) (2—4) as
direct-write methods. Although EBL is used in

critical applications such as the fabrication of
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masks for optical lithography (5), the fabrication
of patterns at resolutions below 30 nm with EBL
is difficult because of proximity effects (6). The
throughput also scales unfavorably as the resolu-
tion is increased (7-9). Scanned probes are
inherently capable of addressing surfaces with
subnanometer precision. This capability has been
exploited to create patterns with atomic resolu-
tion with a scanning tunneling microscope
(STM) (10), albeit at extremely low patterning
speeds.

In SPL, the close proximity of the tip to the
substrate opens up multiple ways to modify the
sample by the tip at resolutions below 50 nm
(2—4). We demonstrate the use of a heated tip to
locally desorb material from a thin film of an
organic molecular glass. Structuring of organic
materials as resists is our preferred strategy, be-
cause it follows the same philosophy as wafer-
scale lithography methods in complementary
metal-oxide semiconductor technology and en-
ables the transfer of the pattern into arbitrary
underlying substrates (e.g., by etching techniques).
The approach avoids large stresses on the tip, such
as are needed for plowing (//) or ultrasonic re-
moval of material (/2), and also mitigates the
problem of piling up of excess material inherent in
these approaches. Moreover, it does not require a
conductive substrate in close proximity to the tip,
as is necessary for current-induced depolymeriza-
tion (13), field-induced deposition (/4, 15), or
field emission from the tip (16, 17).

Heated tips have already been used for
patterning resists by removing covalently bound
material (18, /9) and by inducing local chemical
modifications (20, 21). However, cleavage of a
chemical bond by a heated tip at very fast time
scales is difficult because of the large energetic
barriers of covalent bonds. Instead, we chose a
resist material in which organic molecules are
bound by hydrogen-bonding interactions into a
glassy bulk state. The H bonds provide sufficient
stability to the material for imaging and process-
ing, but are sufficiently weak to be efficiently
thermally activated by the hot tip.

The molecular structure of the resist used here
is shown in Fig. 1C (22). Similar molecules have
been designed as high-resolution photoresists
(23, 22), and their relatively low molecular weight
enables physical vapor deposition (PVD) of the
material (24). The material under study has a
molecular weight of 715 g/mol and a PVD tem-
perature of ~220°C. Six hydroxy groups are
located at the periphery of the molecule and give
rise to numerous hydrogen-bonding interactions
in the bulk of the material, as inferred from the
high glass transition temperature 7, of 126°C.

The patterning principle (25) is shown in Fig.
1, A and B. The structure to be written was defined

LIBM Research—Zurich, Sdumerstrasse 4, 8803 Riischlikon,
Switzerland. 2IBM Research-Almaden, 650 Harry Road, San
Jose, CA 95120, USA. 31BM Research—Watson, T. ]. Watson
Research Center, Yorktown Heights, NY 10598, USA.

*To whom correspondence should be addressed. E-mail:
ark@zurich.ibm.com

by a pixel set. At each pixel of the programmed
pattern (red outline in Fig. 1, A and B), a force
and a temperature stimulus were applied to the
cantilever, which pulled the tip into contact
from its rest position of ~300 nm above the
surface (Fig. 1A) and induced the evaporation
of'a controlled amount of organic material (Fig.
1B). The heat and the force stimuli were pro-
vided by voltage pulses V}, and Vg, applied to a
resistive heater coupled to the tip and to the
substrate for electrostatic actuation, respective-
ly. For a given interaction time (i.e., pulse du-
ration), the depth of a written pixel depended
on the applied force and temperature, as shown
in Fig. 1D for pulse durations of 5.5 us. The
temperature given refers to the heater temper-
ature Tjeaer- The actual increase relative to room
temperature (R7) in resist temperature below
the tip apex was (Tiesist — RT) = 0.4 10 0.5 (Theater —
RT) (26).

Two temperature regimes could be identified
that were separated by a marked change in the
sensitivity of pixel formation on the applied
force. Below a threshold of ~330°C, the force-
temperature characteristics were as expected for
hot embossing (26, 27). For a given indent depth,
the graphs are linear and converge to a common

REPORTS

intersection point at ~350°C, as expected for a
material with a 7, of 126°C (/8). The indentation
characteristics changed drastically if a heater
temperature greater than ~330°C was applied.
This transition marks the softening temperature
of the material at a microsecond time scale and
the crossover from an embossing regime to a
regime of effective material removal (Fig. 1D).
Above this threshold, sufficient thermal energy
is provided to the material for breaking the hy-
drogen bonds at the microsecond time scale,
allowing the molecular constituents to become
mobile and escape from the surface. Experi-
mental evidence supports a model in which the
molecules diffuse along the tip into hotter tip
regions, where the molecules are evaporated
into the environment (235).

Figure 2 summarizes the results achieved
using the patterning process. For the pattern
shown in Fig. 2A, a total of 3.6 x 10* pixels were
written at a pitch of 29 nm, resulting in uniformly
recessed structures of 8§ + 1 nm depth, as evi-
denced by the depth histogram shown in Fig. 2C.
The quality and uniformity of the patterning
process can be seen in Fig. 2B and fig. S4. Each
pixel of the programmed pattern, indicated by the
red line, is well resolved. The depth of the pixels

C D 500 *
Patterning
__400f regime
e v
2300
=]
©
Qo Mechanical
=] 200 indentation
2
100 \‘ A o
\ \ \
Fig. 1. Patterning principle. (A and B) e e e
Schematics of the writing process. Voltages 100 200 3Egrce (ﬁONC; 500 600

I/, and V; control the writing temperature

and the electrostatic force, respectively. If no voltage is applied (A), the tip rests 300 nm above the
surface. A pixel in the programmed bitmap (red outline) is written by simultaneously applying a force and
temperature pulse for several microseconds. The force pulse pulls the tip into contact while the heat pulse
heats the tip and triggers the patterning process. (C) Molecular structure of the phenolic compound used
as resist. (D) Equi-depth lines of the pixels created in the resist upon single exposure events as a function
of applied temperature and force. The dashed line indicates the writing threshold, determined by
extrapolation to zero depth. Two regimes are separated by a threshold temperature of ~330°C. Below the
threshold, the resist is mechanically deformed; above the threshold, it is efficiently removed.

www.sciencemag.org SCIENCE VOL 328 7 MAY 2010

733

Downloaded from www.sciencemag.org on May 10, 2010


http://www.sciencemag.org

I REPORTS

734

Fig. 2. Patterning of the mo- A

lecular glass resist. (A) Topo-

graphic image of a pattern

== = ‘==

written into the molecular glass
resist using a pixel size of 29 nm.
Force and heat-pulse durations
of 5.5 s, a tip heater temper-
ature of 300° + 30°C, and a
force of 80 + 10 nN were ap-
plied for each pixel. (B) Close-
up of the red box shown in
(A), demonstrating the feature
quality of the writing process.
The red outline corresponds to
the shape of the programmed
image and is shifted relative to
the real pattern for clarity. (C)
Depth histogram of (A). The
patterning depth is 8 + 1 nm.
(D) A field of dense lines at a
line pitch of 40 nm written into

a molecular glass film 20 + 2 nm thick. One quadrant is written at half the line
pitch (i.e., at 20 nm pitch). A pixel pitch of 10 nm, a tip heater temperature of
500° + 30°C, and a force of 100 + 10 nN were used. (E) Same as the top panel

is the same regardless of the existence of written
or unwritten neighboring pixels. In other words,
at a pitch of 29 nm, proximity effects were ab-
sent. In the patterning process, a total volume of
~0.2 um® was removed from the surface, which
is more than 10° times that of the tip apex of
~1000 nm>. However, no traces of displaced or
redeposited material were detected either on the
sample or at the tip. The efficiency of the process
suggests that the molecules are removed without
breaking covalent bonds and creating reactive
species, which typically lead to tip contamina-
tion (25).

The achievable resolution increased with
decreasing patterning depth. Figure 2, D to F,
shows the result of high-resolution patterning at a
depth of ~6 nm. A dense line pattern written at
varying pitch was chosen to study the transition
from single-line patterning to complete removal
of material within a given area. For this ex-
periment, pre- and post-heating of the tip for 2
and 3 us, respectively, were applied at a force
pulse duration of 5 us to reduce thermal expansion
and contraction of the cantilever structure during a
patterning event. The average depth of the single
lines and the average height of the topography
between adjacent lines are shown in Fig. 2F. The
error bars correspond to standard variations of the
respective values. The depth of the lines has a
constant value of ~6 nm, independent of the
distance to neighboring lines. Down to a half pitch
of 15 nm, the height of the topography between
the lines was unaffected at the level of the
unwritten resist surface; that is, any interference
or proximity effects of neighboring lines were
absent. Decreasing the half pitch further to 10 nm
led to a reduction of the interline topography and
enabled patterning of a flat, recessed area having a
depth corresponding to the depth of the single
lines (Fig. 2D). If we define the resolution of the
process as the half pitch of fully separated dense

S pmin

-! 200 nm .

(9]

Count (104

1ym
— -10 -5 0
Depth (nm)

i R .
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DAD T = 60“&“"1

SAPTIY
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L 3

< 2 J
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8.4t horizontal ]

o §aged

10 20 30
Half pitch (nm)

of (D) at a pitch of 60 nm (one quadrant is written at 30 nm pitch). (F) Depth of
the written lines (open symbols) and height of the topography as measured
between adjacent lines (solid symbols).

200nm J

Fig. 3. Pattern transfer into silicon. (A) SEM image of the pattern shown in Fig. 2 transferred 400 nm
deep into silicon. (B) Tilted view of the structure indicated by the red box in (A). (C) Zoom into a similar
structure as shown in (A) but written at half the pixel pitch. The smallest lines fabricated in silicon had a

width of ~30 nm.

lines, a resolution of ~15 nm was achieved using a
tip with an apex radius of ~5 nm. The resolution
can be further increased by using sharper tips or at
the cost of a shallower pattern formation. In
general, a finite value of the patterning depth is
required to enable further processing—for exam-
ple, for transferring the pattern into the underlying
substrate or hard mask as described below.

For device fabrication, the structure depth in
the target substrate must substantially exceed the
depth of the patterns described above. For ex-
ample, according to the International Technology
Roadmap for Semiconductors, for the 22-nm
node, a pattern in a resist 45 to 80 nm thick is
required (28). A hard-mask strategy (25) has
been adopted to amplify the pattern first into a

resist layer of adequate thickness and subse-
quently into the silicon substrate. In short, the 8-
nm-deep pattern within the molecular glass is
first transferred into a 3-nm-thick silicon oxide
hard mask by means of reactive ion etching
(RIE). Subsequently, the hard mask serves as an
etch-selective layer for the pattern transfer 70 nm
deep into a poly(styrene-r-benzocyclobutene)
(PS-BCB) (29) transfer layer.

At this stage, the required amplification into a
thicker polymer layer was achieved, and different
strategies could be implemented for further
processing, such as deposition and liftoff of
metal layers. Here we chose to transfer the
pattern into the silicon substrate by another RIE
process (25). Shown in Fig. 3, A and B, are
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Fig. 4. Three-dimensional pattern-
ing. (A) AFM scan of the replica of
the Matterhorn written into the molec-
ular glass (3D data source: geodata ©
swisstopo). The structure was written
using 120 steps of layer-by-layer re-
moval. (B) Photograph of the Matterhorn
in Switzerland (photographer: Marcel
Wiesweg; source: Wikimedia). (C) AFM
image of a Matterhorn replica trans-
ferred into silicon.

20nm

scanning electron microscopy (SEM) images of
the final pattern in silicon as obtained after transfer
of the pattern shown in Fig. 2A. The depth of the
final structure in silicon is enhanced by a factor of
50 and amounts to more than 400 nm.

During the etch process, the pattern quality
was maintained and only a fine rounding of the
edges in the IBM logo was observed, caused by a
slight over-etching. The large amplification en-
ables the fabrication of high-aspect-ratio struc-
tures from the low-aspect-ratio SPL master. The
same pattern as shown in Fig. 2A was written at
half the pixel pitch (i.e., 15 nm), and a part of the
final pattern in silicon is shown in Fig. 3C. The
thickness of the walls between the patterned areas
is 33 nm in the final silicon structure. As a result,
vertical walls 33 nm thick and ~400 nm tall were
fabricated, corresponding to an aspect ratio of
>10 (30).

Material removal can be done in stages so that
three-dimensional structures can be fabricated, as
shown in Fig. 4. A given three-dimensional
structure is processed into the resist by removing
successive layers of defined thickness from the
same sample area. A pyramid was created (fig.
S6) with linear side walls, sharp edges, and a
pointed tip. It demonstrates that each patterning
step is reproducible and independent of the
already existing structures created in preceding
steps. By exploiting these properties, highly
detailed and complex shapes can be reproduced.
We fabricated a nanoscale replica of the Swiss
mountain Matterhorn (Fig. 4B) in a 100-nm-
thick molecular glass film (Fig. 4A). The
patterning was achieved in 120 steps, resulting
in a structure 25 nm tall (see also movie S1). Fine
details of the original are reproduced in the
nanometer-scale replica. The conformal repro-
duction of the original proves that the final
structure is a linear superposition of well-defined
single patterning steps. The result of a direct
transfer of a similar structure into the underlying
substrate is shown in Fig. 4C. Using a mixture of
SF¢ and C4Fg as etch gas provides a height
amplification of the structures into silicon by a
factor of ~3.

Areal throughputs in the range of 5 x 10*
um?/hour are achievable today assuming a duty
cycle of 50%, which is sufficient for rapid proto-

2um

typing applications in nanotechnology and ap-
proaches the throughput of EBL at similar
resolution (7). High parallelization of a similar
process using the same levers has been developed
for a thermomechanical probe data storage sys-
tem (3/), enabling a potential throughput en-
hancement proportional to the number of levers
operated at the same time. Assuming 1000 levers
in parallel leads to throughput numbers that can-
not be achieved by any other direct-write tech-
nology to date at the same resolution. At the same
time, the direct development method offers in
situ inspection and, potentially, in situ repair of
structures not fully reproduced. Proximity effects
are absent at pixel dimensions of ~15 nm and
higher. Therefore, no computationally elaborate,
substrate-dependent adjustment of the exposure
dose is needed. Moreover, the dry nature of the
entire patterning process eliminates solvent-related
problems such as swelling-induced instability or
drying-induced collapse of dense structures. Fur-
thermore, the ability to generate three-dimensional
templates having a nanometer-precise profile is
a complementary match to nanoimprint lithog-
raphy (32).
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